The seasonal development of a bracken canopy was measured over 7 years between 1980 and 1992. The object of the investigation was to relate the cumulative development of green above-ground biomass to cumulative absorbed photosynthetically active radiation (APAR). During the vegetative phase, APAR was described by an empirical expression (Monski and Saeki, Japanese Journal of Botany 14: [22][23][24][25][26][27][28][29][30][31][32] 1953) relating APAR to frond area, with a canopy extinction coefficient of 0.6. Values of above-ground biomass were linearly related to cumulative APAR, and the averaged radiation use efficiency (RUE) was 277 g MJ -1
INTRODUCTION
Three approaches are commonly used to model the growth and development of plant canopies and phytomass during a growing season. The first approach uses mechanistic models of the plant photosynthetic system, which have been reviewed by Thornley and Johnson (1990) . The second approach is based on the empirical model of Monteith (1977) , who showed that a simple model of phytomass production predicted a relationship between plant growth and intercepted solar radiation. A simplification of this model was applied to bracken by Pitman and Pitman (1990) and Pakeman et al. (1994) . Values of the radiation use efficiency (RUE; see Appendix for full list of abbreviations) of a canopy are usually determined from the slope of the regression between accumulated solar (I0) or absorbed photosynthetically active radiation (APAR) ) and plant phytomass B (in g m-2). The third approach uses spectral remote sensing to obtain indirect estimates of the fraction of APAR from the reflectance characteristics of plant canopies in the red and infra-red (Goudriaan, 1977; Kumar and Monteith, 1982; Christensen and Goudriaan, 1993) .
The empirical model of Monteith (1977) has been widely used to establish a linear relationship between the accumulation of carbon and the accumulation of absorbed photosynthetically active radiation (PAR) (APAR) by plant canopies. The rate of increase of biomass density, B (g m-2), is proportional to the absorbed flux density of PAR, APAR * For correspondence. E-mail john.pitman@kcl.ac. 
where is the RUE (g MJ-'). Hence the cumulative biomass can be obtained by integrating eqn (1):
where APAR is the cumulative absorbed PAR flux density and B is the biomass density at time zero. Regression of B vs. APAR should give a linear regression line of slope and intercept zero, if no biomass is present prior to the start of photosynthesis. The first field confirmation of this linear relationship between B and was given by Gallagher and Biscoe (1978) for cereals, and has since been shown to be applicable to a wide range of crops (Russell et al., 1989; Monteith, 1994) , forests (Hunt, 1994; Landsberg and Waring, 1997) , and natural communities, such as bracken (Pitman and Pitman, 1990) . Prince (1991) and Ruimy et al. (1994) have produced tabulations of for a wide range of plant types; typical values average between 0.85 and 3 g MJ-1 of intercepted or absorbed PAR for C 3 plants, and up to 48 g MJ-1 for C 4 plants.
There has been considerable disagreement over the issue of a linear relationship between accumulated B and accumulated APAR (Demetriades-Shan et al., 1992 , which has been robustly defended by Monteith (1994) , Kiniry (1994), and Arkebauer et al. (1994) . Two recent theoretical studies, by Dewar (1996) and by Haxeltine and Prentice (1996) have shown that there is a sound physiological basis for the observed linear relationship between PAR and B in plant canopies. Haxeltine and Prentice (1996) examined the hypothesis of optimal N allocation, and showed that 'the standard non-rectangular hyperbola formulation for the instantaneous response of leaf net photosynthesis to APAR leads to a linear equation for the time-integrated response to canopy net photosynthesis to APAR'; values of for C 3 plants are between 15-3.0 g MJ-1 APAR, and decrease slightly with increasing temperature. Dewar (1996) examined the maximum-net primary production (NPP) hypothesis, and concluded that the theoretical maximum value of E = 324 g dry matter MJ-PAR (assuming dry matter is 50% carbon) or 233 g dry matter MJ-PAR if growth and maintenance respiration are taken into account. The relationship only becomes non-linear when stresses such as low N, drought, high vapour pressure deficits or cold temperatures become important (Prince, 1991; Hunt, 1994) .
The fraction of PAR absorbed by the canopy will be the difference between the incident fluxes from above (), the transmitted fractional component (c) that is then partially reflected from the soil surface (Ps), minus the reflected component from the canopy (Pc) (Russell et al., 1989; Monteith and Unsworth, 1990) :
The attenuation of total and solar radiation by the canopy is (Monteith and Unsworth, 1990) :
and
where Kp and KT are the extinction coefficients for PAR and total (solar) radiation, obtained by plotting In zc and In tT against canopy frond area L, respectively, and finding the slope. The ratio of Kp/KT is a conservative quantity, and typically has a value of about 134 (Green, 1987) so that typically z c = 134 . Finally, APAR can be directly determined from measured or remotely sensed leaf area using the empirical expression of Monsi and Saeki (1953) :
used to determine APAR. Christensen and Goudriaan (1993) have shown that a simple ratio vegetation index, RVI:
where pi and Pr are the canopy reflectance in the infra-red and red respectively, is directly related to RVI by the nonlinear equation:
where
and (10) = Pi,oc -Pi,s
Pis --/pio
Here, Pr is the red reflectance and pi is the infra-red reflectance, Pr,,0 is the red reflectance at high leaf area (L), Pi,,, is the infra-red reflectance at high leaf area (L), and Pr,s and is are the red and infra-red reflectance of bare soil or litter covered soil when L = 0 and B = Bo.
This approach has the advantage that variations in background reflectance of either soil or litter on the canopy RVI can be virtually eliminated, which is not normally the case with simple regression of fApAR vs. the normalized difference vegetation index NDVI. Once the RVI relationship to fApAR is known, RVI can be substituted with appropriate scaling in eqn (2), and B determined from remote, non-destructive measurements.
This paper presents the results of field measurements of above-ground biomass B, and frond area L made during 1980, 1981, 1982, 1989, 1990, 1991 and 1992 on an extensive area (>4 ha) of pure stands of bracken. These measurements were initially made for hydrological and remote sensing studies (Pitman and Pitman, 1986; Pitman, 1989a,b) . Additional measurements of rt, TC, p,, , and APAR were made during 1990-1992, and all these measurements were used to compute RUE and for bracken canopies at West Heath, West Sussex, UK for the complete series of measurements between 1980 1992. Measurements of canopy and litter reflectance were made during the 1992-1995 growing seasons for use in eqns (7)-(10).
RADIATION INTERCEPTION AND SPECTRAL REFLECTANCE
The empirical model of Monteith (1977) has been widely used (Prince, 1991) tower-mounted dome solarimeters for direct solar flux and reflected solar radiation. Intercepted solar radiation and PAR were continuously measured in 1990-1992 at one site at West Heath using Delta-T filtered and unfiltered tube solarimeters permanently located above and below the canopy (Szeicz, 1974; Monteith, 1994) . Readings were corrected using the coefficients of Palmer (1980) . During 1993-1995, PAR fluxes were measured directly using two PAR sensors (Fitter et al., 1980; Gallo et al., 1994) mounted above the canopy, one to measure I and one to measure P,. Below canopy PAR fluxes were measured using four PAR sensors fixed to a 100 cm long electrically-driven automatically-reversing aluminium slide, which was mounted on a 3 m long track, 10 cm above the litter surface. The slide was moved in random 2-5 cm increments every 30 s by a stepping electric drive. When the slide was static, readings were taken every 10 s, and averaged over 30 min. A separate PAR sensor was mounted below the lowest pinnae to measure reflected PAR from the bracken litter. Transmitted total radiation was measured with a 1 m long Delta-T tube solarimeter mounted below the canopy at the same height and orientation as the moving PAR sensors. Measurements of PAR and solar radiation transmission were always made within 2 h of local solar noon. All measurements were taken using a Delta-T Delta DL2 Logger, logging at 10 s intervals. Immediately after determining APAR from these measurements, the value of L was determined by destructive sampling of 5 x 1 m 2 areas (0.6m x 1.67m) with the rectangle's long axis centred on and perpendicular to the 3 m track.
At all other times during 1980-1994, canopy aboveground biomass was determined by destructive sampling of 5 1 m x 1 m randomly located quadrats at each I 0 and PAR measurement time, and L determined from the pinnae biomass using the allometric relationship L = 0-0112P (m 2 m-2 ), where P is the total pinnae dry weight (g m -2 ) (Pitman, 1989a) .
Bracken canopy and bracken litter reflectance were measured at roughly bi-weekly intervals during 1992 at West Heath Common, W. Sussex, using a NERC EPFS Spectron SE-590 spectroradiometer (range 400-1111 nm), fitted with a cosine receptor sensing head and a 15 degree field of view sensor head for measuring canopy reflectance. Usually 20 random nadir canopy reflectance measurements were made within 2 h of solar noon at each site and time, using the sensor head mounted on a 5 m boom held above the canopy. Details of the measuring system and calibration procedures are given in Blackburn and Pitman (1999) . Mean canopy and litter reflectance were determined from these measurements after calibration.
Chemical analysis of the pinnae and stipe was made during 1990 and 1991. Carbon was determined on duplicate samples using a CN Mass Spectrometer (model AMCA-MS CN Analyser) (Barrie and Lemley, 1989; Barrie et al., 1989) .
Statistical analysis of the data was undertaken using the SAS for Windows 6.12 statistical software, and non-linear models were fitted using the SAS/ETS modelling program (SAS Institute, 1996) .
RESULTS AND DISCUSSION

Biomass andfrond area changes, 1980-1992
The growth of-above-ground bracken biomass from crozier emergence to maximum green front weight is shown for the sampled years in Fig. 1A . Measured biomass varied from 553 g m -2 to 1341 g m -2 (Table 1) . Bracken frond area, L, variations are shown in Fig. 1B , and these results have recently been discussed in detail by Pitman (1999) . The period of bracken expansion after crozier emergence to maximum green frond area usually takes between 48-70 d, and depends on whether frost causes die-back. The canopy is usually fully developed by mid-July in most years at this site. Williams and Foley (1976) and Callaghan et al. (1981) investigated the seasonal variation in carbohydrate composition of bracken fronds, and showed that seasonal growth is subdividable into four phenological phases: crozier emergence; frond expansion using internal rhizome stores of carbohydrate to some critical value of L; expansion of the frond from L to maximum L driven by the external acquisition of carbon via photosynthesis; and then 1 m x 1 m quadrats. The regression of pinnae biomass (P) against total biomass (B) intercepts the biomass axis at 75 g m 2 , and is described by the regression equation:
implying that the partitioning of above-ground biomass between pinnae and stipe is approximately 064:0-36. The _ itrront walilo: issmilar a-t -m-llr thn tht r lll-1 1980, 1981, 1982, 1989, 1990, 1991 and 1992. senescence and death. Pitman (2000) showed that these phenological phases are largely controlled by growing degree days. The critical value of L which appears to mark the change from internal to external carbon supply occurred at L = 025 m 2 m -2 . Thus the response of bracken fronds to APAR can be expected to occur above L = 025; biomass produced up to this critical value of L needs to be discounted from the growth due to APAR accumulation. The rate of frond area expansion is markedly similar in all the sampled years. Table 1 gives the values of biomass interpolated from measurements made during crozier expansion. It is further assumed that all subsequent growth above L = 025 is driven by accumulated APAR. Figure 2 shows the total biomass, and the pinnae and stipe biomass observed between 1990-1993 in 223 1990 ).
Biomass partitioning
Carbon content of bracken
Results from 1990 are shown in Fig. 3 . Carbon content of pinnae was almost 15% higher than stipes during 1990, and gave a weighted average above-ground biomass carbon content of 48-5%. Once maximum L was reached, pinnae C content fell rapidly to the same value as the stipe, at about 45%. The 1991 weighted averages were similar, although the pinnae C contents were lower and the stipe C contents higher. Over the two seasons, above-ground weighted total C biomass averaged 47.5%; this value is used in the calculation of g C MJ-'.
Bracken litter reflectance
Bracken litter reflectance showed considerable variation during the period May-October (Fig. 4A) . A combination of changing moisture status from wet to dry, and gradual flattening of the previous year's broken bracken fronds as the season progressed probably contributed to the increase in reflectance observed. Reflectance varied from less than 5% in the blue (400-450 nm) and green (540-560nm) to 7 to 15% in the red (620-700 nm). Near infra-red reflectance at 800 nm varied from 15 to 25%. Maximum reflectance was observed above 950 nm, and varied from 20 to 35%. Between 400 nm and 900 nm the change is continuous and 'smooth'. These curves are similar to the leaf litter reflectance reported by Hall et al. (1990) .
Bracken canopy reflectance
Bracken canopy reflectance showed a marked change over the growing season as canopy L changed from zero to 8-4 in early August 1992 (Fig. 4B) . The highest reflectances were observed in the near infra-red, between 750 and 900 nm and exceeded 70% at maximum L. Average values of litter and canopy reflectances are given in Table 2 . These reflectance values are almost twice as high as those reported for other heathland species by Wardley et al. (1987) .
Pinnae reflectance, transmittance and absorptivity
Values of reflectance in the visible PAR spectra (400-700 nm), illustrated in Fig. 5 , average 003, being highest in the green (540-560 nm), and lowest in the blue (400-460 nm). Infra-red (IR) reflectances are very high above the red-edge at 700 nm, and usually exceed 0.35. The reflectance of bracken litter (Pitman, 1995) shows a gradual increase from 007 to about 0-15 in the PAR range and 0.2-035 in the IR, although there is considerable scatter which is influenced by litter depth, moisture and degree of litter decomposition.
Transmittance values average 0.06 for PAR and 0.35 for IR. Absorptivity in the PAR spectrum averages 0.9 and rapidly decreases to <0.30 in the IR range. These values imply an overall reflection coefficient for L > 4 of 0.20 to 025.
Seasonal changes in canopy reflectance and L
The values of Pc and z c of the bracken canopy are strongly dependent on the canopy biophysical properties and especially leaf area index, L. The reflection coefficient for the total solar spectrum ranges from about 015 for bracken litter at the start and end of the growing season, to about 026 for a fully developed canopy in July (Fig. 6A) . Measurements of the PAR reflectance coefficient Pc, however, show that it is invariant over the growing season and therefore with L, and has an average value of 0.04 (Fig. 6 ). 
DETERMINING BRACKEN APAR
Interception and absorption of 10 o and PAR
As the canopy leaf area develops, the interception of I 0 and PAR increases until they reach values of about 0.9 I0 and 048 I, respectively, given that measured PAR is 0.5 I 0 above the canopy (McCree, 1972; McCartney and Unsworth, 1978) . Canopy extinction coefficients KT and K determined from eqns (4) and (5) are given in Table 3 
PAR absorption and L
In practice, L is more easily measured than T, using either field measured pinnae biomass or by remote sensing. 
1990
). However, the strong non-linearity of the AAR-L relationship should be noted.
DETERMINING RUE FROM APAR
The measured values of L obtained for seven growing seasons between 1980-1994 are shown in Fig. 1 . Daily APAR was calculated from eqn (12) from the measured daily flux of solar radiation 10 (in MJ) measured on site with the automatic weather station dome solarimeters. Daily values of L were interpolated from the periodic measurements of L between crozier emergence and maximum green frond area. Two analyses were undertaken: one using the separate seasonal series, the second using the single annual accumulated totals of B and APAR .
Seasonal data
Plots of accumulated PAR in MJ d-1 against the green biomass B are shown in Fig. 10A , and for carbon biomass in Fig. 10B . Table 3 gives the results of the linear regression analysis for the biomass data for L > 0.25. Values of RUE vary from 2.25 g MJ-I to 3.30 g MJ-I for the 1981 data; data from 1981 are clearly different from the other data. Reasons for this are not known, although it suggests that either L or biomass data, or both, are in error. The 1981 data will be discounted from further discussion. The pooled estimate of RUE for the remaining data is 262 + 007 g MJ -1
. Results expressed as carbon biomass are about half the green biomass values. The pooled mean (less the 1981 data) give 124(± 003) g C MJ-' (Table 4) .
Annual series
There has been considerable debate regarding the validity of regressing accumulated B against APAR, and at present the consensus is that such analysis is valid (DemetriadesShan et al., 1992 (DemetriadesShan et al., , 1994 Arkebauer et al., 1994; Kiniry, 1994; Monteith, 1994) . Analysis of annual totals of B and APAR for the West Heath site are shown in Fig. 11 for both the green biomass and carbon biomass annual totals, and the slope terms in . For carbon the result is 1.28(± 0-07) g C MJ -1
. These results are not significantly different from the seasonal data.
Many studies have reported a linear relationship between absorbed PAR and above-ground biomass. The values of RUE obtained for bracken are within the range observed for a wide range of cultivated C 3 and C 4 plants as reviewed by Prince (1991) , Marshall and Willey (1983) and Ruimy et al. (1994) . However, the pooled mean of 2.64 g MJ-' for bracken is towards the top end of the range reported for fertilized and irrigated plants that were reviewed (Prince, 1991) , and is similar to that of well irrigated willow (Cannell et al., 1987) in Scotland. The RUE of bracken, which is neither fertilized nor irrigated, is remarkable, given the low nutrient status of the underlying podzolic soils. The figures arrived at here refer to net above-ground biomass. It is not currently known how much of the assimilants are transferred to the rhizome system, as no detailed measurements of the fine root biomass, or of long term changes in rhizome biomass have been made.
SPECTRAL ESTIMATION OF APAR
Direct measurements of bracken biomass are time consuming, tedious and often statistically unsound due to poor sampling strategies and spatial irregularities in bracken growth. The most promising way forward is to estimate absorbed PAR using remote sensing techniques, which involves developing a direct relationship between canopy reflectance and absorbed PAR, biomass being obtained from the e c calibration discussed above (Daughtry et al., 1992) .
Relationship between fAPAR and RVIfor bracken
The ratio vegetation index, RVI, was calculated from the canopy spectral reflectance data, and the fraction of APAR was determined using the field observed L-ApAR relation presented above. A plot of this data, along with the theoretical relationship derived by Christiansen and Goudriaan (1993) is shown in Fig. 12 . The theoretical RVI values were determined using the canopy biophysical values given in Tables 2 and 3 .
The data show a reasonable degree of correlation, and appear to be well described by the lower modelled RVI curve. Modelled RVI values vary from zero at L = 0 to 26 at the highest reflectance observed, equivalent to L > 8 (Fig. 10) . The relationship is not linear, and becomes more curvilinear as bracken litter reflectance increases. The modelled data show that bracken litter has a small but significant effect on the modelled RVI-APAR relationship. The slopes shown in Fig. 11 are 2.77 g MJ -I for the B data, and 128 g C MJ -l m -2 for the carbon data.
in the quantitative application of bracken control herbicides), is to use the linear change in leaf area during vegetative growth noted above (average 0.15 m -2 d-'), the thermal time data of Pitman (2000) to predict bracken emergence, eqn (8) to predict the absorption of measured APA R radiation from canopy spectral reflectance, and to convert the absorbed PAR radiation to biomass at the rate of 2.6 g MJ -1 .
CONCLUSIONS
Bracken has a distinctive spectral reflectance signature which is characterized by a very high reflectance in the infra-red, when compared to other vegetation types. This reflectance signature is predictable from knowledge of the 0-0 The line is the predicted relationship using the spectral data of Table 2 and eqn (8) (Christensen and Goudriaan, 1993) .
PAR, and showed that the intercepts were generally negative, and the slopes were usually positive. The only RVI reported was that calculated by Kumar and Monteith (1981) for sugar beet and winter wheat. The very small slope term for bracken canopies when compared to their results is due to the much higher infra-red reflectance of bracken, as reported here. The major problems identified by Goward and Huemmrich (1992) in their simulation study using the SAIL model were the effects of canopy architecture, particularly leaf angle distributions, and the effect of background reflectance from soil and litter. These variables need further study if the detailed investigations reported here are to have wider application in determining bracken biophysical properties using remote sensing techniques (Pitman, 1995) .
Blackburn and Pitman (1999) investigated effects of sensor view angle and orientation on canopy directional reflectance, and showed that off-nadir sensor configurations generally gave a more linear response between canopy biophysical properties such as L, and that simple spectral ratios were more useful than the commonly used NDVI.
A rapid method that could be used to estimate aboveground bracken biomass prior to control (which is needed 
